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Abstract:We demonstrate that light spectator fields can source sizeable CMB anisotropies
through modulated reheating even in the absence of direct couplings to the inflaton. The
effect arises when the phase space of the inflaton decay is modulated by the spectator which
generates masses for the decay products. We call the mechanism indirect modulation and
show that it can source perturbations even four orders of magnitude larger than the ob-
served. Importantly, the indirect mechanism is present in the Standard Model extended
with right-handed neutrinos. For a minimally coupled Higgs boson this leads to a novel
lower bound on the quartic coupling and constrains the neutrino Yukawas below unity.
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1 Introduction
During the inflationary epoch, scalar fields characterized by mass scales well below the
Hubble rate exhibit large-scale fluctuations. When these fields do not take part in driving
the inflationary expansion, they are commonly referred to as spectator fields.
The behaviour of spectator fields in de Sitter space has been analysed in Refs. [1–7].
Describing the behaviour of a light and interacting field in de Sitter space often requires field
theory methods beyond the usual perturbative approach [8–20]. Alternatively, it is possible
to employ the classical stochastic methods laid out in Refs. [21, 22] to derive a one-point
equilibrium probability distribution of the spectator field values. Arbitrary two-point cor-
relation functions, as well as power spectra, are obtained via a spectral expansion [23, 24].
The former define the size of the domains into which a spectator field fragments, with each
domain characterized by a coherent field value drawn from the equilibrium distribution.
Recent works employing the stochastic formalism include Refs. [25–41].
In modulated reheating scenarios spatial modulations of the inflaton decay width affect
the local duration of the reheating process, which sources curvature perturbations [42–
46]. The set-up of modulated reheating often explored in the literature is motivated by
string constructions with the inflaton coupled directly to spectator or moduli fields as they
determine the couplings of the theory [47, 48].
In this work we demonstrate that spectator fields generally induce significant modula-
tion of the Cosmic Microwave Background (CMB) even in absence of any direct coupling
to the inflaton field. The new indirect modulation mechanism we propose occurs when
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Yukawa couplings connect a spectator field to the decay products of the inflaton. As the
spectator field acquires fluctuations comparable to or exceeding the inflaton mass scale,
these interactions induce field dependent effective masses that can kinematically block the
inflaton decay channels. Because of the stochastic nature of spectator fields, the kine-
matic blocking is released at different times at different locations, resulting in a spatial
modulation of the reheating temperature. As a result, the indirect modulation mechanism
constitutes a novel way in which CMB observations can constrain particle physics models
through the reheating dynamics.
To show the effect, we first consider a simple model consisting of an inflaton field,
a spectator field and a fermion, analyzing the consequences of the indirect modulation
mechanism. We then analyze the case of the standard model (SM) of particle physics
extended with right-handed neutrinos, which provide a suitable decay channel for the
inflaton and where the Higgs boson plays the role of light spectator field.
The paper is organized as follows: in Sec. 2, we sketch the stochastic treatment of
spectator fields. In Sec. 3 we make use of the δN formalism to compute the power spectrum
of curvature perturbations. The indirect modulation mechanism is laid out in Sec. 4, where
we analyze its implementation in a simplified framework. Section 5 analyzes the case of
the SM, demonstrating that all ingredients required for indirect modulation are present
once neutrino phenomenology is addressed. Finally, we present our results in Sec. 6 and
conclude by summarizing our work in Sec. 7.
2 Spectator Fields
We start by providing an introduction to the physics of spectator fields in the stochastic
approach. For more details we refer the reader to the Refs. [23, 24].
The fluctuations of a light scalar field h in de Sitter space can be shown to obey a
Fokker-Planck equation, equivalent to the following eigenvalue problem:[
1
2
(
∂2
∂h2
− v′(h)2 + v′′(h)
)
+
4pi2Λn
H3
]
ψn(h) = 0 . (2.1)
Here H is the Hubble rate, v := 4pi
2
3H
4V (h), V (h) is the spectator field potential and a
prime indicates differentiation with respect to the field value. The eigenfunctions ψn(h)
form an orthonormal and complete basis, which can be used to determine the equilibrium
probability distribution of the spectator field values as [21, 22]
Peq(h) = ψ
2
0(h) ∝ exp
{
− 8pi
2
3H4
V (h)
}
. (2.2)
For a theory with V (h) = (λ/4)h4 a convenient dimensionless variable is x := h(H/λ1/4)−1,
which provides useful insights for practical calculations we will frequently make use of: the
region with |x| & 1 is exponentially suppressed and can often be ignored. This is visible in
(2.2) for ψ0 and is also true for the higher order eigenfunctions.
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A spectator field exhibits sizeable fluctuations in de Sitter space if the condition
V ′′(h) H2 holds. Otherwise, the field begins to evolve classically according to its poten-
tial and quickly settles to its minimum value.
The computation of a generic temporal two-point correlation function proceeds by
demarginalization of the two-field joint probability distribution function in terms of the
equilibrium one-field distribution and the related conditional probability distribution (the
transfer matrix of Ref. [23]). The expression for the temporal correlator is then extended to
arbitrary two-point functions by means of the de Sitter invariance. For instance, the purely
spatial correlators Gf
(
x,x′
)
= 〈f(h(t,x)), f(h(t,x′))〉 relevant for the present analysis are
obtained via the eigenfunctions and eigenvalues of Eq. (2.1) as
Gf
(
x,x′
)
=
∞∑
n=0
f2n (a rH)
− 2Λn
H . (2.3)
As we can see, the correlation function depends on the comoving separation between the
points r :=
∣∣x− x′∣∣ and the contribution of each eigenfunction is given by the coefficients
fn :=
∞∫
−∞
dhψ0(h) f(h)ψn(h) . (2.4)
The power spectrum of Gf
(
x,x′
)
is defined via a Fourier transformation. It is often the
case that one is interested only in the large scale limit, where the spectrum has the following
form1
Pf (k) =
k3
2pi2
∫
d3xe−ik ·x〈f(h(0))f(h(x))〉 ' 2
pi
f2dΓ
(
2− 2Λd
H
)
sin
(
Λdpi
H
)(
k
aH
) 2Λd
H
' 2Λd
H
f2d
(
k
aH
) 2Λd
H
+O(Λ2d/H2) , (2.5)
and the subscript ‘d’ indicates the dominant contribution to be determined from Eq. (2.1).
Even though the calculation above is for de Sitter space, it is believed to be a good
approximation for the inflationary period as long as the Hubble rate H is slowly varying.
The power spectrum at the end of the inflationary epoch is then obtained by setting
a = aend and Hend in Eq. (2.5), where a subscript ‘end’ indicates that the quantity is to be
evaluated at the end of inflation.
3 Deriving the power spectrum with the δN formalism
The full power spectrum of curvature perturbations can be computed using the δN for-
malism. In this method2, at the leading order in spatial gradients, the evolution of coarse
1
For more complicated potentials such as the double well investigated in Ref. [24], the first non-zero
coefficient can remain subdominant until scales much larger than the ones relevant in cosmology.
2
We refer the reader to Ref. [47] for the treatment of reheating modulation within the alternative mean
field approach.
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grained super-horizon regions is regulated by local Friedmann equations evaluated sepa-
rately for each of these patches [49–53].
For definiteness we assume that inflation is driven by a single scalar field φ, the inflaton,
slowly rolling along its potential. We furthermore assume that h is the only light scalar
spectator field present and that it remains energetically subdominant until it eventually
thermalizes after reheating. Hence we neglect the corresponding contribution in writing
the Friedman equations that regulate the evolution of super-horizon regions. For the sake
of the present discussion we assume an implicit dependence of reheating dynamics on h,
writing for the corresponding energy density ρreh = ρreh(h). The origin of such relation is
analyzed in detail in the forthcoming section.
The expansion for each super-horizon region, from an initial time tin during inflation
to a final time with fixed reference energy ρf after reheating, can be quantified in the local
number of e-folds as
N(x) =
ρend∫
ρin(φ¯(x))
H
ρ˙
dρ+
ρreh(h¯(x))∫
ρend
H
ρ˙
dρ+
ρf∫
ρreh(h¯(x))
H
ρ˙
dρ . (3.1)
Here φ¯(x) and h¯(x) denote the local initial field values at tin, while ρend and ρreh are the
values of the energy density at the end of inflation and reheating, respectively. We remark
that N depends on the spectator field value only through ρreh = ρreh(h¯).
In order to evaluate the above integrals, we use the leading order slow-roll approxi-
mation 3Hφ˙ = −V ′(φ) over the range [tin, tend], and assume a perfect fluid equation of
state with constant w for the interval [tend, treh]. As for the last term, which models the
contribution after reheating, we assume a radiation dominated universe and thus obtain
N(x) = −
φend∫
φ¯(x)
1√
2MPl
dφ− 1
3(1 + w)
ln
ρreh(h¯(x))
ρend
− 1
4
ln
ρf
ρreh(h¯(x))
. (3.2)
The curvature perturbation on uniform density slices at super-horizon scales is there-
fore computed as
ζ(x) := N(x)− 〈N(x)〉 , (3.3)
where the gauge choice is imposed by setting the final energy density after reheating to a
fixed reference value ρf = 〈ρ〉, independent of x. Using Eq. (3.2) yields
ζ(x) = ζφ(x)−
1− 3w
12(1 + w)
[
ln ρreh(h¯(x))−
〈
ln ρreh(h¯(x))
〉]
, (3.4)
where the first term is the usual inflaton contribution. Notice that if the spectator contri-
bution to local Friedmann equations is negligible, consistently with Eq. (3.2), there are no
isocurvature perturbations present after reheating and ζ(x) remains constant in time.
By defining δρreh(x) := ρreh(h¯(x)) − 〈ρreh(h¯(x))〉 and expanding to leading order in
δρreh/〈ρreh〉, Eq. (3.4) becomes
ζ ' ζφ(x)−
1− 3w
12(1 + w)
δρreh(x)
〈ρreh〉
. (3.5)
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The δN expression for the curvature perturbation is by construction independent of the
initial time tin, which labels a spatially flat hypersurface, as long as it is after the horizon
exit of all modes of interest [54]. Here we choose a time tin, at which h¯(x) (and φ¯(x)) are
evaluated, just before the end of inflation3.
Since the fields h¯(x) and φ¯(x) are mutually uncorrelated, the spectrum of the curvature
perturbation Pζ is given by the sum of the inflaton and spectator field power spectra:
Pζ = P(φ)ζ +
(
1− 3w
12(1 + w)〈ρreh〉
)2
Pδρ ≡ P(φ)ζ + P(h)ζ . (3.6)
We observe that for w = 1/3, corresponding to the inflaton oscillating in a quartic potential
V (φ) ∝ φ4, the contribution from the spectator field vanishes identically: ζ = ζφ. In fact,
in this case every super-horizon patch transitions to a radiation dominated regime as the
inflationary expansion concludes, regardless of the local value of h. However, for w 6= 1/3
the second term does not vanish and its contribution can be important.
4 Indirect modulation
4.1 A simple model with Yukawa interactions
To demonstrate the mechanism of indirect modulation we consider a simple model consist-
ing of an inflaton field φ, a light spectator field h and a fermion Ψ
L = 1
2
(∂φ)2 − 1
2
m2φφ
2 + iΨ¯(/∂ −mΨ)Ψ +
1
2
(∂h)2 − λ
4
h4 − yφΨ¯Ψφ− yhΨ¯Ψh , (4.1)
where all coupling constants are assumed to be real and the considered inflaton potential
is meant to describe solely the reheating dynamics that follows the initial expansion epoch.
For the spectator field, we take a positive quartic coupling λ > 0 that induces an effective
field-dependent mass µ2h = 3λh
2 > 0. The fermion Ψ is also characterized by an effective
mass µΨ = mΨ + yhh, but no contribution from the inflaton is present since the field
is rapidly oscillating around a vanishing field value. We will consider a regime where
yhh mΨ, so we can safely take µΨ ' yhh.
Reheating proceeds via the perturbative decay of the inflaton into Ψ pairs with a
corresponding decay width given by
Γ(h) =
y2φmφ
8pi
[
1− (2yhh)
2
m2φ
]3/2
, (4.2)
however, the process is kinematically allowed only if mφ > 2yhh. In terms of the spectator
field value, this defines the characteristic scale
hkin :=
mφ
2yh
, (4.3)
such that the decay of the inflaton field, and thus reheating, can proceed only for h < hkin.
3
Setting tin = tend would define a uniform inflaton field gauge through (φend) = 1, therefore we choose
the spatially flat slice tin slightly before tend.
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Figure 1. The continuous lines show numerical solutions of the spectator field equation of motion
in Eq. (4.4). The approximation in Eq. (4.5) is indicated by the dashed lines. The red lines are for
a quartic coupling λ = 1, while the black ones correspond to λ = 10−7.
Neglecting spatial gradients, the equation of motion of the spectator field reads
h¨+ 3Hh˙+ λh3 = 0 , (4.4)
where the background scales as dust (w = 0) when the inflaton potential during reheating
is quadratic [55]. For the initial conditions h = h¯ and h˙ = 0 Eq. (4.4) has the approximate
solution h = h¯ until H = Hosc :=
√
3λh¯, after it begins a series of damped oscillations as
shown in Fig. 1.
During inflation, the spectator field is fragmented into domains each characterized
by a coherent local value h¯(x) with the probability distribution in Eq. (2.2) and a size
determined by the two-point correlation function [24]. The spatial gradients are typically
small and can be ignored [22], so after inflation the evolution of each local value h¯(x) can
be determined separately from the homogeneous equation of motion in Eq. (4.4). From
now on for simplicity we will omit the x-dependence from the initial value h¯.
Given an initial condition h¯ the evolution of the spectator during its first half oscillation
can be faithfully tracked by using the following expression:
h = h¯
(
1− 3
2
e
− 27
4
H√
3λh¯
)
, (4.5)
indicated by the dot-dashed lines in Fig. 1. The approximation, which works exceptionally
well across a large range of scales, was obtained by realising that the logistic function is
often used to approximate the solution of similar differential equations [56]. The coefficients
are determined through a fit of the numerical result4.
4
Replacing the time derivatives in Eq. (4.4) with derivatives with respect to H, the spectator field
equation of motion in terms of y := h/h¯ becomes H
4
y
′′
+ 4
27
H
2
oscy
3
= 0, which provides an educated guess
for the coefficient in the exponential.
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The magnitude of the initial spectator field fluctuation scale relative to the scale hkin
defines two scenarios:
• h¯ ≤ hkin – no kinematic blocking. In this case the spectator field cannot block the
inflaton decay but can only modulate weakly through the mass dependence of the
decay rate.
• h¯ > hkin – kinematic blocking.
In this case the large spectator field can initially completely block the inflaton decay,
therefore reheating can only occur after the spectator has relaxed below the critical
value hkin.
For the modulation in the second case to take place, the spectator itself should of
course not decay before the threshold hkin is reached. The Lagrangian in Eq. (4.1) in
principle also allows for the decay of the spectator field, however the process is generally
negligible. The spectator field is much lighter than the inflaton, so the same kinematic
blocking factor forces the spectator field to decay after the inflaton. Quantitatively, for the
model in Eq. (4.1), the spectator field is stable if 4y2h/(3λ) > 1.
In the following we focus on the case where h¯ > hkin, which we expect to result in
a stronger modulation effect because of the presence of kinematic blocking. Due to the
stochastic nature of the initial field value h¯, the threshold is reached at different times at
different locations. We also simplify the computation of the power spectrum by neglecting
potential additional modulation contributions from the region h¯ < hkin. Because spectator
field fluctuations are typically of the order O(Hend), Yukawa couplings of O(1) naturally
result in an effective mass of the same order as the typical effective inflaton mass at re-
heating, mφ ∼ O(Hend). Consequently, we expect the kinematic blocking of the inflaton
decay to be present in a large part of the parameter space of the model.
4.2 The indirect modulation mechanism
A detailed calculation of the reheating dynamics is often a challenging problem, with
possible non-perturbative aspects requiring the use of numerical methods [57]. However,
for our purposes, it is sufficient to use the approximation where the inflaton instantaneously
decays at the moment the decay channel opens during the first oscillation of the spectator
field, valid for
Γ(h) ' Γ0 :=
y2φmφ
8pi
 Hkin , (4.6)
where we have neglected the effective fermion mass by taking mφ  yhh. In the above,
Hkin is defined as the Hubble rate at the threshold h = hkin.
At this stage we need to find the explicit form of Hkin. Inverting the Eq. (4.5) evaluated
at h = hkin then approximately yields the Hubble rate at the decay instant,
Hkin(h¯) =
4
27
√
3λh¯ ln
(
3h¯
2(h¯− hkin)
)
. (4.7)
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As we can see, the Hubble rate at the inflaton decay time has spatial dependence induced
by the spectator field value h¯. We remark that the approximation used for Hkin requires a
marginal modification of the modulation condition hkin < h¯ into
hkin
1− (3/2) e−27/4
< h¯ , (4.8)
where the new lower bound ≈ 1.0018hkin ensures that Hkin < Hosc, as required for consis-
tency.
As hkin sets the lower bound for a fluctuation to block the decay, in parameter regions
characterized by a wide range of h¯ values above this threshold, we may approximately
assume h¯ hkin and neglect hkin in Eq. (4.7) in order to derive the condition for successful
reheating in Eq. (4.6)
h¯
Hend/λ
1/4
<
9
√
3mφy
2
φ
32piHendλ
1/4 ln (3/2)
, (4.9)
written in terms of the dimensionless variable h¯(Hend/λ
1/4)−1. The further h¯ is from the
bound in Eq. (4.9) the better the condition in Eq. (4.6) is satisfied. In order to avoid
parameter regions where the approximation breaks down we will only include cases where
the right hand side of (4.9) is larger than unity. As discussed in Sec. 2 the bulk of the
probability distribution in Eq. (2.2) lies in the range h¯(Hend/λ
1/4)−1 . 1 so with this choice
we include only cases where our approximation correctly captures the relevant field values.
Our approach is not suited for non-perturbative effects that possibly occur when the
spectator field rapidly oscillates, so we restrict our analysis to the case in which the inflaton
field decays during the first half oscillation cycle. By using Eq. (4.5) we then compute
t(h=0)∫
t(hkin)
Γ(h)dt ≈ Γ0∆t =
3
√
3mφy
2
φ
16pih¯
√
λ
[
1
ln
(
3
2
) − 1
ln
(
3h¯
2(h¯−hkin)
)] ≈ 3√3m2φy2φ
32pi ln2(3/2)h¯2yh
√
λ
,
(4.10)
and ensure the robustness of our results by requiring that Γ0∆t > 1, or
h¯2
H2end/
√
λ
<
3
√
3m2φy
2
φ
32piH2endyh ln
2 (3/2)
. (4.11)
Note that the right-hand side of the above equation is independent of λ, unlike the condition
in Eq. (4.9). When presenting our results in Sec. 6 we label as ’non-perturbative’ all regions
where the right-hand side of Eq. (4.11) is smaller than unity.
When the bounds discussed in this section are satisfied, we can confidently use our
approximations to calculate the spatial modulation of the reheating energy density ρreh
with the help of sections and 2 and 3, induced through the dependence of the Hubble
parameter at the inflaton decay on the spectator field value:
ρreh(h¯(x)) = 3M
2
PlH
2
reh(h¯(x)) , (4.12)
where for clarity we explicitly write the x-dependence of h¯.
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4.3 Impact on the power spectrum
The result of the previous section are summarized in the following expression for the Hubble
rate at the reheating era
Hreh(h¯(x)) :=

Hkin if
hkin
1− (3/2)e−27/4
≤ h¯ ≤ 9
√
3mφy
2
φ
32pi
√
λ ln (3/2)
,
Γ(h) ' Γ0 elsewhere.
(4.13)
The correlation function〈
δρreh(0)
ρreh
δρreh(x)
ρreh
〉
=
〈H2reh(h¯(0))H2reh(h¯(x))〉 − 〈H2reh〉2
〈H2reh〉2
(4.14)
then yields the modulated component in the power spectrum of scalar perturbations de-
termined by Eq. (3.6).
In order to compare to the CMB observations, we compute the power spectrum of scalar
perturbations at the pivot scale k∗ through Eqs. (3.6) and (2.5) for a matter dominated
regime (w = 0), obtaining for the modulated component
P(h)ζ (k∗) =
f22
72pi〈H2reh〉2
Γ
(
2− 2 Λ2
Hend
)
sin
(
Λ2pi
Hend
)
e
−2Λ2
Hend
N∗ , (4.15)
where the dominant contribution for a spectator field with quartic potential in de Sitter
space is provided by the second eigenvalue Λ2 = 0.28938
√
λHend [23]. In the above formula
N∗ is the number of e-folds at Hubble crossing of the pivot scale k∗, while the prefactor is
determined by the following integrals:
f2
〈H2reh〉
=
∫
dh¯ ψ0H
2
rehψ2∫
dh¯ ψ0H
2
rehψ0
=
∫ kc1
0 dxψ0ψ2 +
∫∞
c2
dxψ0ψ2 + γ
∫ c2
kc1
dxψ0ψ2f(x)∫ kc1
0 dxψ0ψ0 +
∫∞
c2
dxψ0ψ0 + γ
∫ c2
kc1
dxψ0ψ0f(x)
(4.16)
≈
∫ kc1
0 dxψ0ψ2 + γ
∫∞
kc1
dxψ0ψ2f(x)∫ kc1
0 dxψ0ψ0 + γ
∫∞
kc1
dxψ0ψ0f(x)
; for c2 & 1 , (4.17)
where
c1 :=
mφλ
1/4
2Hendyh
; k :=
1
1− (3/2)e−27/4
;
γ :=
1024pi2
243
H2end
√
λ
y4φm
2
φ
; c2 :=
9
√
3mφy
2
φ
32piHendλ
1/4 ln (3/2)
, (4.18)
and
f(x) := x2 log2
[
3x
2(x− c1)
]
. (4.19)
The integrals in Eq. (4.16) are expressed in terms of the dimensionless variable x :=
h¯(Hend/λ
1/4)−1 and the eigenfunctions must be evaluated numerically from Eq. (2.1). The
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term in the numerator proportional to γ sources the modulation, which vanishes in the
limit where the modulation window disappears, kc1 ∼ c2, because ψ0 and ψ2 are orthog-
onal. The effect also disappears for c1 & 1 since the probability of such high field values
is exponentially suppressed. Similarly, since we consider only parameter regions where the
right-hand side of Eq. (4.9) is larger than unity i.e. c2 & 1, integrals extending from c2 to
infinity yield only negligible contributions.
When kinematic blocking occurs but the right-hand side of Eq. (4.11) is smaller than
unity strong modulation is expected. However, the inflaton decay process concludes only
after the first oscillation cycle of the spectator field. The analysis of this regime needs to
take into account possible resonant and non-perturbative effects [58] that require methods
beyond the scope of the present paper. For the sake of clarity we highlight these regions
of the parameter space when presenting our results, expecting however that resonant and
non-perturbative effect modify our results gradually as we enter these regions. At least for
the cases we considered, the regions where the right-hand sides of both (4.9) and (4.11)
are smaller than unity largely overlap. This can be traced back to an identical scaling in
terms of yφ.
The indirect modulation mechanism can be quite potent, leading to tight bounds when
taking into account the observed amplitude of the CMB perturbations Pζ ' 2.1×10−9 [59].
As an example, for Yukawa couplings yφ = yh = 1, an inflaton mass mφ = 2Hend and a
quartic coupling λ = 10−5, Eq. (4.15) yields P(h)ζ ∼ 10−5 for the modulated component,
demonstrating the importance of the effect.
5 Indirect modulation in the Standard Model
We now demonstrate indirect modulation in the SM once non-vanishing neutrino masses
are included.
The observations of solar and atmospheric neutrinos unequivocally show the existence
of two distinct mass scales in the neutrino sector, that source the measured flavour oscil-
lation probabilities. It is then necessary to extend the SM particle content with (at least)
two right-handed neutrino fields, which combine with the usual left-handed states to define
the neutrino mass eigenstates.
Since right-handed neutrinos are necessarily singlets under the SM gauge group it is
possible to include a Majorana mass term in the Lagrangian allowing for a lepton-number
violating interaction that may be tested experimentally. The absence of such a signal would
imply that neutrinos are Dirac fermions and acquire masses through the Higgs mechanism
like the rest of the SM particles.
In order to accommodate non-vanishing neutrino masses and allowing for three right-
handed neutrinos with corresponding Majorana masses, the SM Lagrangian is then ex-
tended to
L = LSM +
1
2
(∂φ)2 + (DµH)
†(DµH) + i¯`L /D`L + iNR/∂NR −
1
2
m2φφ
2 − λ(H†H)2
− µ2H†H +
{
− 1
2
N cRMNR −
Yφ
2
φN cRNR − Yh ¯`LNRH˜ + H.c.
}
, (5.1)
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where H˜ = iσ2H
†, with H being the SM Higgs doublet, σ2 is the second Pauli matrix
and LSM includes the remaining SM Lagrangian terms not written explicitly. As before,
the field φ represents the inflaton field which oscillates in a quadratic potential. We have
left implicit the indices for the SM and right-handed neutrino generations, so each lepton
doublet denoted by `L = (νL, eL)
T interacts with a right-handed neutrino NR through a
complex matrix of Yukawa couplings Yh. Similarly, the right-handed neutrinos couple to
the inflaton φ through their own set of Yukawa couplings collected in Yφ. The Majorana
mass M vanishes for Dirac neutrinos.
In order to show how the model detailed in Eq. (4.1) is straightforwardly recovered,
we simplify the discussion by focusing on the case of one SM generation. We also neglect
the Higgs mass term µ and value at the electroweak minimum since the typical scale of
inflation is much higher than v = 246 GeV. In the unitary gauge, the Higgs doublet reads
H = (0, h/
√
2)T (so that H˜ = (h/
√
2, 0)T ) where h is a real scalar field.
By gathering neutrino fields in arrays of definite chirality
nL :=
(
νL
N cR
)
; nR :=
(
νcL
NR
)
, (5.2)
we can then write the mass terms in matrix form
L ⊃ −1
2
n¯RMnL + H.c.; M :=
(
0 Yhh√
2
Yhh√
2
Yφφ+M
)
. (5.3)
The mass matrix M receives contributions from both the inflaton and the Higgs field.
However, as the inflaton oscillates rapidly around the origin of its potential, the mass
contribution averages to a vanishing value. The scale associated with the right-handed
neutrinos Majorana mass is instead a free parameter of the model. The requirement of
successful leptogenesis generally forces it to lie in a wide range that goes from a few KeV
to the grand-unification scale, depending on the specifics of the chosen mechanism. In
spite of that, the thermalization of right-handed neutrinos in the early Universe requires
a reheating temperature that exceeds the Majorana mass scale, suggesting that generally
M < Hend. The fluctuations of spectator fields are usually comparable to the Hubble rate
at the end of inflation such that the condition yhhM is naturally satisfied. In this case,
the mass matrix M can be approximated with
M −−−−−→
YhhM
(
0 Yhh√
2
Yhh√
2
0
)
, (5.4)
and neutrinos recover the pure Dirac limit. By defining the Dirac neutrino field
Ψ =
(
νL
NR
)
, (5.5)
in the limit YhhM the Lagrangian in Eq. (5.1) reads
L → LSM+
1
2
(∂φ)2+
1
2
(∂h)2−1
2
m2φφ
2−λ
4
h4+iΨ¯
(
/∂ − Yhh√
2
)
Ψ−Yφ
2
φ
(
ΨcPRΨ + ΨPLΨ
c
)
.
(5.6)
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The above Lagrangian then clearly resembles that of the model discussed in Sec. 4, after
the Higgs field is identified with the spectator field. An explicit computation of the decay
width for the φ→ ΨΨ process at the massless limit, Γ0 from Eq. (4.6) however differs by a
factor of 1/2: the coupling of the inflaton to right-handed neutrinos forces it to decay via
lepton number violating processes that yield pairs of neutrinos and antineutrinos, resulting
in a reduction of 1/2 in the available phase space. The conclusions of the previous section
can then be applied to the SM case by simply identifying
yφ ←→
Yφ√
2
and yh ←→
Yh√
2
. (5.7)
6 Results
We describe now the results obtained for the parameters used in the simple model of Sec. 4.
From the discussion above, it is clear that the same conclusions hold for the SM case if the
spectator field is identified with the Higgs boson and the corresponding Yukawa couplings
are properly rescaled. In Fig. 2 we present two representative exclusion plots for the
couplings, showing the regions where the spectrum of curvature perturbations from indirect
modulation P(h)ζ given by Eq. (4.15), is larger than the observed value Pζ = 2.1 × 10−9
at the pivot scale k∗ = 0.05Mpc
−1 [60]. For the inflaton mass we take5 mφ = 2Hend and
assume that the pivot scale exits the horizon N∗ = 60 e-folds before the end of inflation.
In the right panel the non-perturbative region, where the right-hand side of Eq. (4.11) is
smaller than unity, is shaded red.
As one can see from Fig. 2, in some regions the amplitude of perturbations sourced
by the indirect mechanism alone coincides with the one observed. However, interacting
spectator fields in their vacuum state yield a blue-tilted spectrum [11] and hence it is not
possible to generate the observed CMB perturbations in this way.
The left panel in Fig. 3 highlights the behaviour of P(h)ζ as a function of the spectator
self coupling λ. The sharp feature seen here, and already visible in Fig. 2, is due to the
sign changing eigenfunction contributions in the integrals in Eq. (4.16). CMB constraints
for the couplings of the Lagrangian (4.1) from the indirect modulation are summarised
in the right panel of Fig. 3. Coupling values above the (yh, yφ, λ) surface depicted in the
figure are excluded as the resulting P(h)ζ is above the observed level. Decreasing the value
of λ increases the exclusion area as it yields larger spectator fluctuations and hence bigger
P(h)ζ . Again, we have marked in the figure the non-perturbative regime where our simplified
approximations of the decay process start to become inaccurate.
The theory described by Eq. (5.1) that we used to study the CMB modulation due
to the Higgs-like spectator field is nothing but the usual SM extended to accommodate
the observed non-vanishing neutrino masses, leptogenesis and inflation. This Lagrangian
has been extensively studied over the past decades and the parameter space that can
successfully generate the light neutrino masses via the seesaw mechanism [61] and the
5
For example, quadratic inflation yields mφ = 1.4Hend, while Starobinsky inflation results in mφ =
3Hend.
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Figure 2. The amplitude of perturbations at the pivot scale N∗ = 60 from indirect modulation.
The hatched regions correspond to perturbations larger than Pζ(k∗) = 2.1 × 10−9. The region
where non-perturbative effects are important coming from Eq. (4.11) is shaded red.
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λ
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λ
Figure 3. (Left) The amplitude of perturbations at N∗ = 60 and with mφ = 2Hend for a set of
choices for (yφ, yh). (Right) The parameter regions excluded by CMB observations with the same
assumptions as in the left panel, where again areas where non-perturbative effects are important
are shaded red.
baryon asymmetry of the Universe via the leptogenesis [62] has been identified. More
recently, the discovery of the Higgs boson by the LHC experiments [63, 64] revealed a
surprising feature of the SM – the criticality of the Higgs potential. Namely, at high energy
scales relevant for the seesaw mechanism, leptogenesis and inflation the Higgs boson quartic
coupling λ as well as its beta-function approximately vanish, implying a metastable vacuum
for the SM [65–67]. Using the most recent values of the SM parameters, mt = 172.9 ±
0.4 GeV, αs(MZ) = 0.1179±0.0010, mh = 125.10±0.14 GeV, and two-loop renormalization
group equations employed in [68], we find that λ runs negative at Λ ∼ 5× 1011 GeV. This
result is most sensitive to the actual top-quark mass. Reducing its value by 1σ results
– 13 –
in Λ ∼ 5 × 1012 GeV, while within 3σ uncertainties the scale of Higgs criticality can be
extended up to the Planck scale. Alternatively, the SM vacuum stability can be improved
by coupling the Higgs boson to additional scalar singlet(s), such as the potentially allowed
large Higgs coupling to inflaton, which prevents λ from running negative [65]. Such studies
are beyond the scope of the present paper and we adhere to the SM results in the following.
Interestingly, the allowed SM and seesaw parameter ranges are non-trivially restricted
by the constraints presented in Figs. 2 and 3. In particular, as seen in the right panel of
Fig. 3, the CMB constraints from the indirect modulation imply a lower bound on the Higgs
boson quartic coupling which depends on the right-handed neutrino Yukawas, all evaluated
at the scale of inflation Hend. The constraints are unaffected upon varying the value of Hend
provided that the ratio mφ/Hend does not change and hold for any Hend &Mλ1/4/yh. The
first point follows from Eq. (4.16) and the second from our assumption yhh¯M , that lead
to Eq. (5.6), after setting h¯ . Hend/λ1/4. For yh < 1, the observed neutrino masses imply
an upper bound M < 1013 GeV on the right-handed neutrino mass scale through the seesaw
formula mν = (Yhv)
2/(2M). Successful leptogenesis, instead, requires M > 109 GeV [69]
for non-degenerate right-handed neutrinos. For example, taking yh = Yh/
√
2 = 0.03 and
yφ = Yφ/
√
2 = 1.0 (see Eq. (5.7)), we estimate 109 GeV < M < 1010 GeV from leptogenesis
and neutrino masses, respectively, and λ(Hend) & 10−7 from Fig. 3. For the present
central value of top-quark mass measurement, this is compatible with the SM running6
of λ provided that Hend . 5 · 1011 GeV, close to currently favoured scenarios such as the
Starobinsky or Higgs inflation. On the other hand, for larger values of yh the bound λ > λc
in Fig. 3 rapidly becomes impossible to satisfy for the SM running of couplings, assuming
a minimally coupled Higgs sector with no direct couplings to the spacetime curvature or
to the inflaton.
7 Summary and outlook
In this work we have presented a novel mechanism for constraining particle physics through
the cosmic microwave background, which we dubbed indirect modulation. The modulation
comes from fluctuations of light spectator fields during inflation, which can influence the
decay of the inflaton during reheating and thus source primordial perturbations. As op-
posed to the usual modulated reheating scenario, the mechanism does not require any direct
tree level coupling between the inflaton and the spectator field. The indirect modulation
arises when the spectator couples to the decay products of the inflaton and modulates
their effective masses, affecting the available phase space. The mechanism is not sensitive
to details of inflationary dynamics and occurs also when the spectator field is in its vacuum
or equilibrium state during inflation.
To present the idea, we focused on a particular phenomenological setting where the
inflaton and the spectator couple to the same fermion field via two separate Yukawa terms.
The effective fermion mass varies due to the spectator fluctuations, and for large enough
fluctuations the inflaton decay is blocked until the spectator field falls below a kinematic
6
Notice that for such values of the right-handed neutrino Yukawa couplings yh their contribution to the
running of Higgs quartic coupling λ is completely negligible.
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threshold. Consequently, the reheating completes at different times in different locations
of the universe sourcing curvature perturbation just like in the usual modulated reheating
scenario. We computed the spectrum of curvature perturbations from the indirect modu-
lation using the stochastic formalism combined with the δN approach. We find that the
mechanism is very efficient: for Yukawas close to unity, the spectrum of the curvature
perturbations exceeds the observed level by four orders of magnitude. Notably, when the
spectator is in its equilibrium the perturbation amplitude does not directly depend on the
scale of inflation.
As a concrete example, we studied the indirect modulation in the Standard Model
extended by right-handed neutrinos and a singlet inflaton, assuming a minimally coupled
Higgs sector with a vanishing coupling to spatial curvature and no direct couplings to
the inflaton. In this setup, the Higgs is a light spectator and modulates the inflaton
decay through the neutrino masses. The main results of our analysis are shown in Figs. 2
and 3 which constrain the most natural parameter space of the seesaw mechanism and
leptogenesis that is commonly considered in phenomenological studies. Requiring that
perturbations from the modulation do not exceed the observed CMB amplitude sets a
lower bound on the Higgs quartic coupling λ(H) at the scale of inflation. The bound
shown in Fig. 3 strongly depends on the right-handed neutrino Yukawa couplings yh and
yφ. For yh = 0.03 and yφ = 1.0, the bound is compatible with the SM and H < 10
11−12 GeV
but for yh of order unity the constraint on λ(H) can no longer be satisfied assuming the
SM running and the minimally coupled Higgs sector. In conclusion, our results constrain
and specify the high-energy parameters of the SM, neutrino physics and inflation for the
most natural and interesting values of the relevant parameters. We reiterate that the
constraints apply when the Higgs is a light spectator during inflation which implies that
its non-minimal coupling and possible couplings to the inflaton are assumed to be small.
An interesting question is whether the indirect mechanism could be responsible for the
observed curvature perturbation. From our results it is clear that the observed amplitude
of curvature perturbations can be obtained through indirect modulation. However, repro-
ducing the correct spectral tilt requires a modification of the setup, which we will address
in a forthcoming paper [70].
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